Introduction
Efficient gene transfer and stable gene expression in terminally differentiated, nondividing cells has been limited for a long time. Especially nonviral methods, such as calcium precipitation, lipofection and electroporation are usually very inefficient in nondividing cells, including neurons, hepatocytes or cardiomyocytes.
Lentiviral vectors, usually derived from HIV or alternatively from non-human primate lentiviruses, are able to efficiently infect nondividing cells in vitro and in vivo, based on a nuclear import mechanism of the host cell (eg, Naldini et al, 1 Zennou et al, 2 Fleury et al 3 and Stitz et al 4 ). Stable gene transfer and expression in a broad variety of cells have been obtained via direct viral vector injection without any immune response or loss of expression efficacy. [4] [5] [6] An increasing number of studies report efficient ex vivo gene transfer into cells prior to transplantation, for example, transduction of haematopoietic stem cells with subsequent repopularization of irradiated NOD/SCID mice bone marrow 7 or CNS cells. 8 Furthermore, lentiviral ex vivo gene transfer is not only performed for therapeutic gene transfer but also to label cells with suitable reporter genes, such as enhanced green fluorescent protein (eGFP), for example, to explore differentiation of stem or progenitor cells after cell transplantation or co-cultivation with other cell types. [8] [9] [10] [11] [12] Further incubation of transduced cells prior to transplantation or co-cultivation is often inconvenient and cells are therefore washed several times to remove surplus viral particles. In other cases, further cultivation is in fact impossible, as certain cell types require almost immediate transplantation after transduction to prevent cell death, de-differentiation, differentiation or adhesion. However, in either scenario, therapeutic gene transfer as well as cell tracing, transduction of recipient cells or co-cultured cells is not desired.
The aim of this study was to explore the possibility that lentiviral vectors may be transferred along with freshly transduced cells despite thorough washing of the cells. Therefore, we screened for potential transduction of recipient cells after transplantation of lentivirally transduced cells into the brain and peripheral muscle, and explored the efficiency of washing in transwell experiments in vitro.
Results
In vitro transduction of neonatal rat cardiomyocytes with an 'advanced' lentiviral vector expressing eGFP under control of the CMV promoter resulted in up to 100% transduction rate, depending on the MOI, thereby confirming other investigators' recent results. 3, [13] [14] [15] Cardiomyocytes survived transduction and long-term culture for at least 14 days, although progressive lentivirus-independent de-differentiation became visible during the culture.
Transplantation of cardiomyocytes, which had been lentivirally transduced immediately before injection into the brain and muscle of rats, resulted in viable transplants in all animals ( Figures 1 and 2a) without signs of immune response, infection or rejection. Lentiviral long-term expression could be detected for at least 6 weeks post transplantation (data not shown). Transplants of cardiomyocytes not only integrated into the surrounding host tissue but also showed limited migration through brain and muscle (Figures 1 and 2a) . In striatal transplantation sites of animals transplanted with cardiomyocytes, we were able to detect eGFP-expressing cells, morphologically displaying neuronal and astroglial features of terminally differentiated resident cells of the CNS (Figure 2e and i) . Immunohistochemistry allowed for further characterization and revealed NeuN expression of eGFP-labeled cells, suggesting resident terminally differentiated striatal neurons being lentivirally transduced in the vicinity of the transplantation site ( Figure  2f , g and i). Also, in the surroundings of transplantation sites of animals injected with lentivirally transduced cardiomyocytes, cells expressing markers like GFAP for astrocytes ( Figure 2b , d and e), RIP for oligodendrocytes and ED1 for microglia (data not shown) were found to co-express eGFP. In animals injected with long-term stably transduced RAT-1 fibroblasts, there were no eGFPexpressing cells other than transplanted fibroblasts found in the injected striatum (data not shown). In rats which had received transplants of lentivirally transduced cardiomyocytes, we also found eGFP + resident differentiated muscle fibers around the injection site in the hind leg muscle (Figure 1b) . No sign of eGFP expression was detected in resident cells of the contra-lateral hind leg (negative control w/o cell injection).
Transwell experiments were performed to investigate the effectiveness of an increasing number of washing steps in elimination of contaminating infectious viral vector particles in the cell preparations. To this end, neonatal rat cardiomyocytes were lentivirally transduced and, after varying numbers of washing steps, cocultivated with human HEK293T cells in a transwell system. After up to six washing steps, cardiomyocytes were vital and contracted spontaneously in culture. As expected, a large number of eGFP-expressing transduced HEK293T cells were detected after 5 days without any washing of the cardiomyocytes (12.5570.48% eGFP + HEK293T; see Figures 3 and 4) . One washing step decreased the titer of contaminating lentiviral vector particles significantly towards 0.470.04% eGFP + transduced HEK293T cells. Unexpectedly, even after six washing steps, a low titer of contaminating infectious lentiviral vector resulting in 0.0970.02% eGFP + HEK293T cells was detected (Figures 3 and 4) . To exclude a cardiomyocyte-specific effect, another experiment that directly compared freshly transduced rat cardiomyocytes and freshly transduced RAT-1 fibroblasts was performed. Although RAT-1 fibroblast revealed lower numbers of remaining vector particles, significant contaminations of infectious virions were detected for both cell types (0.15% eGFP + HEK293T in case of transduced cardiomyocytes, 0.03% for transduced fibroblasts after four washing steps, see Figure 5 ). When long-term stably transduced RAT-1 fibroblasts were seeded in the Lentiviral vector shuttle via cell transplantation U Blömer et al transwell inserts, no eGFP + HEK293T cells were detected after 5 days (data not shown). Cell migration through the transwell membrane was excluded by seeding transduced and nontransduced cardiomyocytes into the wells without seeding recipient cells. No cells were detected migrating through the membrane and no cells were found on the bottom of the well (data not shown).
In addition, results depicted in Figure 5 suggest that our observations rather represent a more general than a specific phenomenon based on our experimental setup. Transduction of cardiomyocytes at 371C in the presence of Polybrene ( Figure 5 ) yielded results very similar to transduction at RT using protamine sulfate ( Figure 3 ): The initial proportion of 1970.43% eGFP + HEK293T cells without washing decreased to 1.270.18% after one washing step, 0.2270.03% after two washing steps and 0.15% eGFP + HEK293T cells after four washing steps at 371C using Polybrene. In comparison, at RT with protamine sulfate eGFP + transduced HEK293T cells decreased from 12.5570.48% without washing, 0.470.04% after one washing step, 0.0970.01% after two washing steps to finally 0.0870.01% after four These results may be critical in view of the use of lentiviral vectors for cell-tracing studies and in view of future clinical transplantation of cells after lentiviral transduction in vitro. We wondered whether additional incubation periods after transduction or washing may lead to further internalization of vector particles sticking outside the transduced cells, thereby reducing or preventing transmission of infectious lentiviral vectors to third party cells. In a time-course study, we provided additional incubation time after transduction and washing for those particles to fuse with the cells before seeding in transwell inserts. Additional incubation periods of 3 and 9 h, respectively, after transduction/ washing resulted in significantly lower numbers of contaminating lentiviral particles. Nevertheless, even after four washing steps and 9 h of additional incubation time after the last washing step, we observed eGFP + HEK293T cells at a low but clearly detectable rate of 0.03% ( Figure 6 ).
In order to address the question of whether the reduction of lentiviral particle numbers over time was due to further uptake into transduced cells or physical decay of the particles, we performed a similar experiment under cell-free conditions. Lentiviral vector preparations adjusted to an MOI of 0.5 were incubated at 371C for 5 h under transduction conditions, but without cells. At 0, 3, or 9 h following the initial incubation, the infectious titer was determined by transduction of HEK293T cells (Figure 7 ). Resulting titers were reduced to 68.472.13 or 36.073.59% of the initial value after 3 or 9 h, thus showing reduction levels very similar to the observation in our transwell time course study with a decrease to an average of 68.470.96% 3 h after transduction and to an average of 35.971.95% 9 h after transduction ( Figure 6 ).
Finally, p24 assays were performed to exclude false-positive results due to the presence of replicationcompetent lentiviruses in transduced cells. RAT-1 fibroblasts were transduced with the lentiviral vector preparations to be tested. After five passages, supernatants of the transduced fibroblasts were tested negative for p24 in all cases (detection limit o15 pg, data not shown).
Discussion
Our data corroborate the efficient lentiviral transduction of cardiomyocytes in vitro, as is evident in the literature. 3, [13] [14] [15] Transplantation of freshly transduced cardiomyocytes into the adult rat brain and muscle resulted in long-term transgene expression for at least 12 weeks (data not shown 16 ). Unexpectedly, we observed eGFP expression not only in the transplanted cells, but also in adjacent skeletal muscle tubes and neuronal/glia cells in vivo (Figures 1 and 2) . In contrast, transplantation of stably Figure  6 , is based on further uptake of attached virions into transduced cells or loss of infectiosity of the particles, we performed a similar experiment under cell-free conditions. Lentiviral vector preparations adjusted to an MOI of 0.5 were incubated at 371C for 5 h under transduction conditions, but without cells. At 0, 3, or 9 h after the initial 5 h incubation, the infectious titer was determined by transduction of HEK293T cells. To collect further evidence for shuttle of lentiviral vectors during transplantation of transduced cells and to explore the possibility that even extended washing steps may not be able to fully remove infectious lentiviral particles from preparations of transduced cells, transwell experiments were performed. Our experiments showed that the number of contaminating infectious vector particles strongly decreased during the first washing step. However, even after six washing steps, single colonies of lentivirally transduced eGFP-expressing HEK293T cells were detected at the bottom of the transwell plates (Figures 3 and 4) . At present, we can only speculate why even after six careful washing steps infectious vector particles are present within the cardiomyocyte preparations. As shown in Figure 3 , the proportion of infectious viral vector particles in cell preparations did not further decrease significantly after the second washing step. Therefore, some viral particles appear to stably stick on the target cell membrane under conditions of the washing procedure, although they can be released under culture conditions.
One potential explanation for the obvious strong adherence of lentiviral vector particles may be that the particles in our experiments are pseudotyped with the vesicular stomatitis virus G protein envelope in order to broaden host cell range and render viral particles more stable for concentration procedures. Entry of lentiviruses into their host cells always depends on a step of membrane fusion triggered by conformational changes in viral envelope glycoproteins. 17 Vesicular stomatitis virus (VSV) infection is mediated by the glycoprotein G, which induces membrane fusion at the acidic environment of the endosomal compartment. VSV-induced membrane fusion occurs at a very narrow pH range and can be avoided by different pH or other factors. [18] [19] [20] It is conceivable that the culture medium used during the transwell experiments allows release of already cellbound but not fused lentiviral particles. Whether this is a unique property of VSV-G pseudotyped viral particles or can also be observed when using other viral protein envelopes remains to be determined.
The presence of infectious lentiviral vectors on transduced cells even after extensive washing procedures appears to be independent of transduction efficiency and transduction parameters, such as temperature and use of transduction-supporting agents, since transduction at room temperature in the presence of protamine sulfate and the more efficient transduction at 371C in the presence of Polybrene yielded similar results. Significantly lower numbers of contaminating viral particles in preparations of freshly transduced RAT-1 fibroblast compared to cardiomyocytes may be an indication that the extent of particles sticking to the target cell membrane depends on specific surface properties of the analyzed cell type.
A time-course study demonstrated that the quantity of contaminating infectious virions decreased upon further incubation of freshly transduced cells prior to seeding in the transwell experiment. In principle, there can be two underlying mechanisms: (1) Virions which are attached to the cellular surface continue to fuse and infect cells they are already in contact with and (2), attached virions undergo continuing loss of infectiosity over time under the applied incubation conditions. To address this question, a control experiment in a cell-free setting was performed and revealed similar rates of decrease in infectious titers of the incubated virus, thus corroborating a physical decay or loss of infectiosity of lentiviral vector particles rather than a continuing virus uptake by target cells as the major reason for the observed timedependent reduction of titers.
Although we cannot entirely exclude the possibility of cell fusion of transduced cells with adjacent skeletal muscle tubes after transplantation, leading to doublepositive cells in the in vivo setting, cell fusion cannot explain the detection of eGFP + HEK293T cells in the in vitro experiments.
Moreover, we can rule out that our observations are based on the generation of lentiviral particles in the transduced rat cardiomyocytes or fibroblasts: Analyzing supernatants of RAT-1 fibroblasts five passages after transduction in the p24 assay (detection limit 15 pg), no replication-competent virus has been detected in the tested virus preparations that were used in this study. In addition, when using long-term stably transduced RAT-1 fibroblasts, no third party eGFP-expressing cells were found after transplantation in vivo or in the transwell coculture system, with both observations excluding the formation of replication-competent virus.
Besides cell fusion or contaminating replicationcompetent viruses, another observation has to be taken into account: A recent study reported the direct transfer of eGFP protein (pseudotransduction) into cells resulting in green fluorescence in nontransgenic cells lasting up to 4 days. 21 However, our data from transwell experiments indicate that direct eGFP-protein transfer as the underlying mechanism for the detected eGFP + cells is unlikely. If this were the case, one would expect a similar result when stably transduced RAT-1 cells are used instead of freshly transduced fibroblasts. The in vivo detection of resident CNS cells transduced furthermore excludes protein transfer or transient eGFP expression, since this is not possible 8 weeks after transplantation.
Although significant numbers of contaminating lentiviral vectors were already detected in transwell experiments, the proportion of infectious virions may be even higher in the in vivo transplantation setting. In this case, not only viral vector particles, which are released by the primary transduced cells, for example, after conformational changes due to the new microenvironment in the Lentiviral vector shuttle via cell transplantation U Blömer et al transplant area, but also infectious virus that remains sticking at the primary transduced cell, could infect adjacent recipient cells.
In conclusion, our study highlights that immediate cell transplantation or co-cultivation after lentiviral transduction bears the possibility of undesired vector shuttle towards recipient cells or co-cultivated cells. In light of our findings, experiments on stem cell differentiation after transplantation or in co-culture scenarios should be judged cautiously, given that they immediately follow lentiviral cell labeling. For instance, infection of resident or co-cultured myocytes by contaminating lentiviral vectors could result in false-positive results on apparently (trans) differentiation of stem or progenitor cells. Therefore, we do strongly recommend an evaluation of levels of contaminating lentiviral particles in chosen experimental settings prior to the application of freshly transduced cell preparations. This is especially important, as VSV-G pseudotyped lentiviral vectors are able to transduce most cell types, including nondividing cells in vitro and in vivo, with high efficiency. In addition, more rigorous purification methods may have an influence on the grade of undesired viral vector shuttle.
Materials and methods

Lentiviral transgene plasmids
The SIN lentiviral transfer plasmid pHR'SINcPPT-CEW used in this study is based on the pHR' vector backbone derived from HIV-1. eGFP is expressed under the transcriptional control of the human CMV promoter/ enhancer. 1, 22 The abbreviation W denotes the inclusion of the WPRE (post-transcriptional regulatory element of woodchuck hepatitis virus) in the 3 0 -direction of the eGFP gene. 23 
Preparation of lentiviral vector stocks
Human kidney 293T cells (9 Â 10 6 ) were plated on precoated poly-lysine (Sigma, Taufkirchen, Germany) T175 flasks in Dulbecco's modified Eagle's medium (DMEM, Invitrogen Life Technologies, Karlsruhe, Germany) with 10% fetal bovine serum (Invitrogen Life Technologies, Karlsruhe, Germany), 2 mmol/l L-glutamine (Invitrogen Life Technologies, Karlsruhe, Germany), penicillin (100 U/ml, PAA, Linz, Austria) and streptomycin (100 mg/ml, PAA, Linz, Austria). After 1 day, co-transfection was carried out using 60 mg lentiviral transfer construct pHR'SINcPPT-CEW containing eGFP under the control of the human CMV promoter, 39 mg packaging plasmid pCMVDR8.91 containing the Gag, Pol, Rev and Tat proteins, and 21 mg of the envelopeencoding plasmid pMD.G for pseudotyping the lentiviral particles with VSV-G (three-plasmid transfection system) using the calcium phosphate DNA precipitation method. 1 The medium was replaced 8 h after co-transfection with DMEM medium containing 10 mM sodium butyrate (Upstate Biotechnology, Waltham, MA, USA). Conditioned medium was collected every 24 h for 2 days, pooled, cleared by low-speed centrifugation, and filtered through a 0.45 mm pore size filter. Vector samples were tested for the absence of replicationcompetent virus by monitoring p24 antigen expression in the culture medium of RAT-1 fibroblasts using a commercial ELISA kit (Innogenetics, Gent, Belgium), five passages after transduction. Detection limit of the p24 assay was o15 pg.
Concentration of lentiviral particles and determination of viral titers
Vector supernatants containing lentiviral particles were concentrated by centrifugation at 18 000 g for 16 h at 41C. Titers of lentiviral vector preparations were determined by real-time PCR (for cell transplantation experiments), as described previously 24 and by biological titration on HEK293T cells (for in vitro experiments). Biological titration of concentrated supernatants was performed in triplicate by serial dilutions of the vector stocks in the presence of Polybrene (hexadimethrine bromide, Sigma, Taufkirchen, Germany, 8 mg/ml) on 1 Â 10 5 HEK293T cells in 24-well plates. At 72 h after transduction, the proportion of eGFP + cells was determined flowcytometrically using a FACSCalibur (BD Bisosciences, Heidelberg, Germany). We achieved titers of about 1-4 Â 10 9 IU/ml in average.
Lentiviral transduction of cardiomyocytes and RAT-1 fibroblasts in vitro
Cardiomyocytes were isolated from neonatal Wistar rats as described previously. 25 Crude myocyte cultures were mainly contaminated with fibroblasts, and, to a lower extent, with endothelial and smooth muscle cells. Freshly isolated neonatal rat cardiomyocytes and RAT-1 fibroblasts (NIH RAT-1) were transduced in suspension in a rotation incubator at a MOI of 7 in DMEM with 10% fetal calf serum (Invitrogen, Karlsruhe, Germany), 2 mmol/l L-glutamine (PAA, Linz, Austria), penicillin (PAA, Linz, Austria, 100 U/ml) and streptomycin (PAA, Linz, Austria, 100 mg/ml). Transduction was carried out for 5 h at room temperature in the presence of 100 mM deoxynucleoside triphosphates (Amersham Pharmacia Biotech Inc., Freiburg, Germany) and protamine sulfate (4 mg/ ml), or at 371C in the presence of Polybrene (Sigma, Taufkirchen, Germany, 8 mg/ml). Prior to co-cultivation, cells were washed up to six times by centrifugation at 100 g for 12 min, followed by resuspension of the cells in 1 Â PBS.
The applied stably lentivirally transduced RAT-1 fibroblasts revealed 100% cells expressing the eGFP transgene and no loss of transgene expression in longterm cell culture.
Transwell experiments
Human kidney 293T cells were seeded in six-well plates at a density of 2 Â 10 5 cells per well, and were allowed to attach for 2 h. Freshly transduced neonatal rat cardiomyocytes or RAT-1 fibroblasts (without washing or immediately after washing) were seeded at the same density into 24 mm diameter transwell inserts (pore size 0.4 mm; Corning Costar, USA) placed into the respective wells with HEK293T cells. For each setting with a different number of washing steps, co-culture was performed in triplicate (duplicate for RAT-1 fibroblasts). In a control experiment, RAT-1 fibroblasts stably expressing eGFP were used instead of freshly transduced cells.
For a time-course study, freshly transduced and washed neonatal rat cardiomyocytes were plated immediately into the transwell inserts or were incubated Lentiviral vector shuttle via cell transplantation U Blömer et al at 371C in growth medium for further 3 or 9 h, respectively, prior to transwell culture. After 5 days of co-culture, the HEK293T cells were analyzed by fluorescence microscopy. Quantification of the proportion of eGFP + HEK293T cells was performed using a FACSCalibur cell analyzer (BD Biosciences, Heidelberg, Germany). HEK293T cells that had not been co-cultivated with transduced cells served as negative control. Data were analyzed using WinMDI 2.8 and GraphPad Prism 3.02 software.
Transplantation of cardiomyocytes and fibroblasts
For transplantation, 10 adult male Wistar rats (250-300 g body weight) were anesthetized (44 mg/kg ketamine, 0.75 mg/kg acepromazine, 4 mg/kg xylazine, in 0.9% NaCl i.m.) and 3 ml of the concentrated lentivirally transduced cardiomyocytes or stably transduced RAT-1 fibroblasts (10 7 cells/ml) were stereotactically injected into the striatum (AP +0.2, ML 73.5, DV À4.5) bilaterally using a 5 ml Hamilton syringe, resulting in 10 striatal transplants with cardiomyocytes and 10 transplants with fibroblasts. In addition, 10 rats obtained 30 ml injections of lentiviral-transduced cells (five animals fibroblasts and five cardiomyocytes, 10 7 cells/ml) into the hind leg, quadriceps muscle, using a 50 ml Hamilton syringe. After 8 weeks, animals were killed and perfused intracardially with saline, 4% paraformaldehyde and 0.2% glutaraldehyde. Brains and injected muscles were removed, postfixed and saturated in 30% sucrose. All tissue samples were frozen sectioned on a sliding microtome into 50 mm (brain) or 20 mm (muscle) slices.
